We have carried out a survey of the NGC 2068 region in the Orion B molecular cloud using HARP on the JCMT, in the 13 CO and C 18 O (J = 3 -2) and H 13 CO + (J = 4 -3) lines. We used 13 CO to map the outflows in the region, and matched them with previously defined SCUBA cores. We decomposed the C 18 O and H 13 CO + into Gaussian clumps, finding 26 and 8 clumps respectively. The average deconvolved radii of these clumps is 6200 ± 2000 AU and 3600 ± 900 AU for C 18 O and H 13 CO + respectively. We have also calculated virial and gas masses for these clumps, and hence determined how bound they are. We find that the C 18 O clumps are more bound than the H 13 CO + clumps (average gas mass to virial mass ratio of 4.9 compared to 1.4). We measure clump internal velocity dispersions of 0.28 ± 0.02 km s −1 and 0.27±0.04 km s −1 for C 18 O and H 13 CO + respectively, although the H 13 CO + values are heavily weighted by a majority of the clumps being protostellar, and hence having intrinsically greater linewidths. We suggest that the starless clumps correspond to local turbulence minima, and we find that our clumps are consistent with formation by gravoturbulent fragmentation. We also calculate inter-clump velocity dispersions of 0.39±0.05 km s −1 and 0.28±0.08 km s −1 for C 18 O and H 13 CO + respectively. The velocity dispersions (both internal and external) for our clumps match results from numerical simulations of decaying turbulence in a molecular cloud. However, there is still insufficient evidence to conclusively determine the type of turbulence and timescale of star formation, due to the small size of our sample.
ABSTRACT
We have carried out a survey of the NGC 2068 region in the Orion B molecular cloud using HARP on the JCMT, in the 13 CO and C 18 O (J = 3 -2) and H 13 CO + (J = 4 -3) lines. We used 13 CO to map the outflows in the region, and matched them with previously defined SCUBA cores. We decomposed the C 18 O and H 13 CO + into Gaussian clumps, finding 26 and 8 clumps respectively. The average deconvolved radii of these clumps is 6200 ± 2000 AU and 3600 ± 900 AU for C 18 O and H 13 CO + respectively. We have also calculated virial and gas masses for these clumps, and hence determined how bound they are. We find that the C 18 O clumps are more bound than the H 13 CO + clumps (average gas mass to virial mass ratio of 4.9 compared to 1.4). We measure clump internal velocity dispersions of 0.28 ± 0.02 km s −1 and 0.27±0.04 km s −1 for C 18 O and H 13 CO + respectively, although the H 13 CO + values are heavily weighted by a majority of the clumps being protostellar, and hence having intrinsically greater linewidths. We suggest that the starless clumps correspond to local turbulence minima, and we find that our clumps are consistent with formation by gravoturbulent fragmentation. We also calculate inter-clump velocity dispersions of 0.39±0.05 km s −1 and 0.28±0.08 km s −1 for C 18 O and H 13 CO + respectively. The velocity dispersions (both internal and external) for our clumps match results from numerical simulations of decaying turbulence in a molecular cloud. However, there is still insufficient evidence to conclusively determine the type of turbulence and timescale of star formation, due to the small size of our sample.
INTRODUCTION
An understanding of the properties of molecular gas is important in the investigation of star formation in our Galaxy. A complete theory of star formation should be able to explain certain basic properties and characteristics of dense cores and protostars. The kinematics of the dense cores and their surrounding natal environment, as well as the relation of the Core Mass Function (CMF) to the stellar Initial Mass Function (IMF), are all linked to the initial conditions of star formation. Most stars form in clusters (Lada & Lada 2003) , although Bressert et al. (2010) find that the percentage of stars found in clusters appears to be dependent on the definitions used. Many studies of the less dense gas (e.g. CO low-J transitions) in these clusters exist (e.g. Oka et al. (1998) , Di Francesco et al. (2002) , Du & Yang (2008) ). However, there are fewer surveys of the very dense gas tracers (e.g. HCN or HCO + J = 4 -3 transitions), which reveal the density peaks in the gas most closely associated with the protostars. With the advent of receivers like HARP on the JCMT ⋆ E-mail: sw547@mrao.cam.ac.uk (Buckle et al. 2009 ), and HERA on IRAM (Schuster et al. 2004 ), large-scale dense gas surveys are now feasible.
In recent years, a general consensus has been reached that star formation is a dynamical process, occurring within a few freefall times; the method by which molecular gas clouds collapse to form protostellar cores is also generally accepted to be a combination of gravity and turbulence. This gravoturbulent fragmentation is essentially a two-phase process (Klessen 2011) : the turbulence produces density enhancements in the molecular gas cloud through a network of interacting shocks; these density enhancements decrease the Jeans mass locally (Clark & Bonnell 2005) allowing the densest regions (formed at the shock intersection points) to collapse, accrete mass and form stars. It should be noted that although these turbulent shocks are expected to be widespread in molecular clouds, there is no observational evidence for them as yet. The overall picture is complicated by the presence of magnetic fields, which play a role on large scales, and cause modifications to the core collapse processes (Price & Bate 2008) .
Although turbulence plays such an important part in star formation, its origins, length-and timescales are still not understood. It is unclear whether turbulence in star formation regions decays c 2012 RAS freely in a crossing time (Elmegreen 2000) , or is driven (Klessen 2001) and therefore persists for a longer timescale. Most competitive accretion simulations (Bonnell & Bate 2006; Smith et al. 2009 ) feature molecular clouds initially supported by turbulence that decays on a timescale comparable to the crossing time of the molecular cloud. This allows competitive accretion to start on small scales and grow progressively larger, fed by loss of kinetic energy from the ambient cloud. Klessen (2001) however have shown evidence for competitive accretion in an environment with driven turbulence; as long as the turbulence is driven on large enough scales, clusters can form where gas and stars are virialised. They have also produced representative core mass functions from their numerical simulations; however they find that with these alone they are unable to distinguish between the driven and decaying modes of turbulence. Indeed, the general properties of the cores produced in differing turbulent environments at low resolution are insufficently different (Offner, Hansen, & Krumholz 2009 ) to dismiss a particular environment.
We have therefore decided to use an alternative method -examining the kinematics of the dense gas cores, rather than their spatial and structural properties. have performed comparisons of the kinematic properties of protostellar and starless cores produced in simulations that utilise both driven and decaying turbulence modes. Comparing the intercore velocity dispersions (i.e. the dispersions of the core centroid velocities), they found that protostellar cores in decaying turbulence simulations have a higher intercore velocity dispersion than the ambient gas dispersion; protostellar cores and starless cores in driven turbulence simulations have subvirial intercore velocity dispersions and intercore velocity dispersions close to that of the gas respectively. They therefore suggest that comparing the starless and protostellar intercore velocity dispersions to the net gas dispersion could potentially distinguish between the two environments observationally.
We have chosen to observe the H 13 CO + J = 4 -3 transition as it is optically thin, traces the densest regions (n crit ∼ 10 6 cm −3 ) and will be most likely to trace the dense inner regions of prestellar cores. We can calculate linewidths and virial ratios of H 13 CO + cores to determine how well bound they are; we can also potentially use the core-to-core velocity dispersions to distinguish between the two turbulence scenarios. We have also observed the C 18 O J = 3 -2 transition which is optically thin over most of the region and will also trace more of the less dense core envelopes for comparison with the H 13 CO + . In addition, we observed the 13 CO J = 3 -2 transition to investigate the large-scale kinematics, as it should trace more of the bulk gas in the region than the other two molecules, as well as providing evidence for outflows which would pinpoint protostellar cores.
NGC 2068 region
The Orion B molecular cloud complex is the closest region of high-mass star formation, and lies at a distance of around 415 pc (Anthony-Twarog 1982; Menten et al. 2007 ). It includes 5 major star formation regions, one of which, NGC 2068, is the subject of this paper. NGC 2068 is a bright reflection nebula containing an infrared cluster; submillimetre emission associated with the nebula has been observed to the south, as shown in Figure 1 .
The first unbiased molecular gas survey of NGC 2068 was carried out by Lada, Bally, & Stark (1991) , hereafter LBS90, using CS J = 2 -1 emission. They identified 2 clumps -LBS 10 and LBS 17 -at 1.7
′ resolution. The region has since been mapped by many others, both in molecular line emission (e.g. Ikeda et al. (2009) , in H 13 CO + J = 1 -0) as well as in SCUBA 850 µm dust emission (e.g. Nutter & Ward-Thompson (2007) , hereafter NWT), breaking the two LBS regions into smaller clumps and cores. Mitchell et al. (2001) identified 18 smaller clumps with diameters of ∼ 25 ′′ using both 850 µm dust emission and CO isotopologue mapping. The clumps they identified are labelled OriBsmm (for Orion B submmillimetre emission) and then numbered by decreasing declination. Motte et al. (2001) , hereafter M01, identified 31 cores with FWHM diameters of ∼13 ′′ from 850 µm dust emission; their cores are labelled LBSX-MMY, where X is the corresponding LBS clump that the core belongs to (either 10 or 17) and Y begins at 1 and increases with RA.
The NGC 2068 region has been extensively studied and welldocumented at different densities and resolutions, and is a fairly small, self-contained region with obvious dust and gas structure. We have therefore chosen this region for investigations of the kinematics of pre-and protostellar cores and their surrounding gas, in order to examine the initial conditions for star formation and determine the possible mechanisms for star formation in this region.
Outline
We present an analysis of spectral line data from NGC 2068, examining the gaseous structure of the region, as well as its kinematics. We break the region down into Gaussian clumps using two molecules that trace different densities, to examine the kinematics and mechanisms leading to the fragmentation and formation of prestellar cores. Section 2 gives an overview of the observations and data reduction procedure. Section 3 describes the reduced data sets, highlighting the multiple-velocity-component structure of the gas, and several high-velocity outflows. Section 4 presents the clumpfinding analysis of the region, using C 18 O and H 13 CO + , while Section 5 examines the characteristic properties of the clumps, including shape and size, masses and velocity dispersions. We also present a comparison of observational data with numerical simulations of star formation. We summarise the results and conclude in Section 6. Table 1 . Molecules observed in this particular run for NGC 2068, with their transitions (Column 2), frequencies (Column 3) and energies of the upper level above ground (Column 4). The critical densities of each transition (Column 5) are taken from Rohlfs & Wilson (2000) . 
OBSERVATIONS

Description of observations
The observations were made over a total of 12 nights between 6 September and 2 October 2010, using HARP at the JCMT (Buckle et al. 2009 ). In total, 11.5 hours of data were taken, with an area of 400 ′′ × 600 ′′ (centred on postion 05 h 46 m 40 s , +00
• 00 ′ 00 ′′ (J2000)) being mapped. All the standard telescope observing procedures were followed for each night of observations, with regular pointings and focusing of the JCMT's secondary mirror. Standard spectra were also taken towards various well-known calibration sources, to verify that the intensity in the tracking receptor matched recorded standards to within calibration tolerance before subsequent observations were allowed to continue. The fully-sampled maps were taken in raster position-switched mode, an 'on-the-fly' data collection method where the HARP array continuously scans in a direction parallel to the sides of the map to produce a full-sampled map of the area (Buckle et al. 2009 ). The telescope is pointed at an offposition (05 h 43 m 44 s , +00
• 21 ′ 42.2 ′′ (J2000 coordinates)) after every row in the map to obtain background values that are subtracted from the raw data. A low-resolution 12 CO J = 3 -2 'stare' observation was first performed towards this position to verify that it was indeed emission-free. Data are presented in units of corrected antenna temperature T * A , which is related to the main beam temperature (T mb ) using T mb = T * A /η mb (Rohlfs & Wilson 2000) . A value of η mb = 0.61 was used, following Buckle et al. (2009) , and has a range of -90 km s −1 to 120 km s −1 . Overall, the weather was good. The mean system and receiver temperatures were 330.5 K and 90 K (at 345 GHz) respectively, and the opacity at 225 GHz ranged from 0.065 to 0.075.
Data reduction
The data were reduced using the Starlink project 2 software, using smurf makecube routines to convert from time-series to spectral Figure 2 shows the integrated intensity T * A dv images of the three molecules (all integrated between 8.5 and 12.5 km s −1 ). The SCUBA 450 µm emission obtained from the CADC Legacy Catalogue (Di Francesco et al. 2008 ) is also included for comparison.
RESULTS
Integrated intensity and structure
Of the three molecules, the C 18 O data most closely resembles the optically thin SCUBA dust emission. The large-scale filamentary structure in the region that is seen in the dust emission is also seen in the C 18 O: there is a clear central ridge running E-W which contains several smaller dense condensations, and a second large filament running almost perpendicular to the ridge in the west of the region. Some smaller filaments can also be seen, running diagonally off the main ridge to the southeast. A cavity structure centred on 05 h 46 m 40 s , −00
• 01 ′ can also be seen in the C 18 O, and to a lesser extent in the 13 CO. The 13 CO emission (being the most abundant) covers most of the region, but demonstrates little filamentary structure. The brightest emission originates in the centre of the region, corresponding to the LBS 10 clump. The H 13 CO + emission, by contrast, is concentrated in small, dense clumps, with no extended emission. Almost all of the emission lies in the central region, although the brightest emission is seen to the west -a feature which is conspicuously absent in the CO isotopologues.
Velocity structure and kinematics
The left-hand panel of Figure 3 shows the line centre velocity (as determined by a best-fit Gaussian to the 13 CO spectrum at each spatial pixel) over the entire region. We can see that there is a largescale velocity gradient in a W-E direction over the region -emission in the west generally peaks between 9.0 to 9.5 km s −1 while emission in the east generally peaks between 10.5 to 11.0 km s −1 -which could indicate differential rotation across the region as a whole.
Sample 13 CO and C 18 O spectra from NGC 2068 can be seen in Figure 4 , and differ greatly depending on the part of the region observed -the spectra in the left and right panels of Figure 4 come from the east and west of the region respectively. The 13 CO emission from the west (corresponding to the LBS 17 clump) has a more complex structure -a main peak between 9.5 to 10.0 km s −1 and either a lower peak between 10.5 to 11.0 km s −1 or a broad low shoulder that extends out to 12 km s −1 . Double-peaked structure can arise in an optically thick line as a result of self-absorption or infall, however in this case, the structure is most likely due to multiple velocity components along the line of sight. The optically thinner C 18 O also shows the same multiple-peaked behaviour (with more distinctly separated peaks that still occur at similar values to the 13 CO), demonstrating the presence of multiple components. The emission in the centre and east of the region (corresponding to the LBS 10 clump; seen in the left-hand plot of Figure 4 ) is much simpler, with both 13 CO and C 18 O showing single-peaked spectra, generally peaking between 10 to 11 km s −1 . The 13 CO spectra are generally fairly wide, with FWHM values of around 2 km s −1 ; the C 18 O spectra are narrower with FWHM values of around 1 km s −1 . The H 13 CO + spectra (which come almost exclusively from the LBS 10 clump) are all single-peaked and narrower, generally peaking between 10 to 11 km s −1 , and have FWHM values of about 0.5 km s −1 , as can be seen in Figure 5 . Figure 1 shows that the emission in the west (LBS 17) coincides with an optically-obscured dust lane, while the emission in the centre and east (LBS 10) lies on top of the bright reflection nebula. This leads to the theory that the emission in the west originates from gas and dust in front of the nebula, with the rest of the emission originates from deeper in the cloud, behind the nebula. This theory is supported by polarimetry analysis carried out by Matthews and Wilson (2002) , who in addition, argue that while the emission originates from two distinct regions, these two regions are most likely not completely spatially separated, implying that the filament does not lie in the plane of the sky. Instead, the dust filament is thought to be twisted with the western edge lying in the foreground of the optical reflection nebula while the eastern edge lies behind it. This orientation of the filaments helps explain the multiple peaks in the molecular emission -the lower velocity component (that also generally has higher T * A values and is prevalent in the western part of the map) lies in the foreground and the higher velocity component lies in the background.
High-velocity material
There is evidence of line-wing emission in the 13 CO data (and to a much lesser extent, also in the C 18 O data), an example of which can be observed in Figure 6 . In order to capture as much of the outflow as possible without contamination from the central emission peak, we have integrated from 0 to 8.5 km s −1 for blue-shifted emission, and from 12.5 to 20.0 km s −1 for red-shifted emission. This integrated line-wing data is overlaid on SCUBA data in the right-hand panel of Figure 3 , to demonstrate correlation with the M01 SCUBA cores. There are at least 4 separate cases of spatially separated red and blue peaks, which we take to be bipolar outflows.
The isolated bipolar outflow to the west clearly originates from the protostellar core at its centre. This core is identified as LBS17-MM9/OriBsmm51, and has also been studied by Gibb & Little (2000) who concluded that the outflow was driven by a deeply embedded Class 0 YSO. The other outflows in the centre of the map are much harder to disentangle and match to a particular core due to the high density of identified SCUBA cores in the central region. LBS10-MM7/OriBsmm35 and LBS10-MM3/OriBsmm38 also appear to be at the centre of bipolar outflows, have both been identified by NWT as Class I YSOs, and are therefore good outflow source candidates. It is not possible to identify them positively as the driving sources of the outflows, due to the proximity to LBS10-MM5/OriBsmm34 (also identified as a Class I YSO) and LBS10-MM6/OriBsmm36. Mitchell et al. (2001) mapped the region using 12 CO J = 3 -2 data, but were also unable to disentangle the outflows and came to similar conclusions. It is likely that since the cores are so close together, without very high resolution observations (using an interferometer like ALMA for example), it is not possible to pinpoint the exact core driving each outflow. There are patches of both red-and blue-shifted emission in the east that are less well-collimated than the others in the region, that could originate from LBS10-MM9/OriBsmm39 (identified as a Class I YSO). There is also a patch of red-shifted emission in the west that could orginate from LBS17-MM6/OriBsmm47, however there is no corresponding blue-shifted emission, so we cannot postively identify that core as an outflow driving source.
CLUMP DECOMPOSITION
As we are interested in probing the core kinematics and structure, we decompose our C 18 O and H 13 CO + emission into smaller clumps for analysis, as well as for comparison with numerical simulations carried out by others. Both these molecules trace optically thin gas at relatively high densities (n crit >10 4 cm −3 ), and are therefore likely to reveal information about the dense cores and their envelopes/disks. The shapes of the gas clumps produced are also less likely to be affected by high-velocity outflows or background diffuse gas, as would be the case if we were to perform clump decomposition on the 13 CO emission.
Data processing and initial results
We have used the Starlink cupid implementation of the gaussclumps algorithm, developed by Stutzki & Guesten (1990) , to identify Gaussian clumps in our molecular emission. The algorithm fits a triaxial Gaussian profile to the highest peak in the map, then subtracts the fitted profile from the map, iterating until a user-defined termination criteria is reached. We used this method instead of the more common clfind algorithm (Williams, de Geus, & Blitz 1994) as gaussclumps allows more than one clump to be fitted to a particular peak in the data, and therefore permits clumps to overlap. This is especially useful in the high density centre of the region, as it is not always clear where emission from one core ends and another begins, and the algorithm used must be good at handling blended clumps. The termination criteria for the gaussclumps algorithm were set to be the following: if more than 10 clumps were fitted with peak values less than twice the RMS value; or if 10 consecutive failures occurred in the fitting process. To prevent this, the noisy edges of the cubes had to be removed and the image cubes were cropped in kappa to just encompass the main filaments of emissions. Any large-scale (> 2.5 ′ ) background fluctuations in emission were removed using cupid findback to smooth the cubes spatially.
The gaussclumps fits (i.e. the sum of all the clumps found for each molecule) are plotted over the integrated intensity observations for both molecules in Figure 7 . We can see that the gaussclumps algorithm produces clumps that trace the emission fairly closely (especially in the case of the H 13 CO + ), with the fitted cubes containing around 60% of the original flux. The remaining flux is mainly contained in clumps that are smaller than the effective beamwidth, and are hence discounted in the final analysis.
gaussclumps found 8 H 13 CO + clumps and 26 C 18 O clumps, using the RMS values shown in Table 2 . The ellipses shown in Figure 8 represent the Gaussian FWHM in the two spatial dimensions, as calculated by the gaussclumps algorithm. Each clump has been matched by eye with the closest M01 core(s) -all cores that lie within the ellipse of a clump are matched to that particular clump. All but one of the clump-core matches for H 13 CO + produced a one-to-one correspondence, indicating that H 13 CO + traces the denser core material; the C 18 O clumps on the other hand tend to be matched to more than one SCUBA core, as they trace a larger amount of the less dense material surrounding the cores. Smith et al. (2009) , hereafter SCB09, developed a gravitational potential clumpfinding algorithm and applied it to simulated data, identifying two different types of p-cores (potential cores): bound p-cores which quickly collapse and form stars that accrete core mass, and composite p-cores which were bound at one point during the simulation but do not necessarily remain bound by the end of the simulation. These p-cores are generally smaller than most dense cores that can be identified observationally, and can only be identified when positions and velocities are known in all three dimensions. This is impossible to replicate observationally, and their closest observational counterparts are probably high-resolution observations of cores in very nearby molecular clouds (Smith et al. 2009 ). Nevertheless, we have found it interesting and useful to compare the clumps we identify using more traditional clumpfinding methods, with those identified using the new gravitational potential method.
Comparison with simulations
CLUMP PROPERTIES
The C 18 O is expected to trace gas at lower densities than the H 13 CO + , and the two molecules will therefore probe different regions of star-forming cores. In order to investigate these differences, we examine and compare the properties of the clumps produced for the two molecules. Ikeda et al. (2009) also conducted a survey of dense gas cores in Orion B (which included NGC 2068), using H 13 CO + J = 1 -0 molecular emission, and identified 151 dense cores using the clfind algorithm (Williams, de Geus, & Blitz 1994). We present a comparison of our clump properties with both SCB09 core properties, and with those cores identified by Ikeda et al. (2009) in Table 4 . 
Shapes and Sizes
The FWHM sizes (in both the spatial dimensions) for each clump were calculated for the two molecules by the gaussclumps algorithm, and the values were then deconvolved using the effective beamwidth as calculated in Section 2.2. The mean deconvolved aspect ratios of the clumps for both molecules are similar: the value for H 13 CO + clumps is 0.80 ± 0.15, while that for the C 18 O clumps is 0.77 ± 0.16, where the errors given are the standard deviations 3 . The clumps all tend to follow the orientation of the filament they belong to, indicating that they retain the geometry of the filament in which they were formed. As shown in Figure 8 , for both C 18 O and H 13 CO + , the major axis is aligned with the filamentary structure seen in the integrated intensity map.
The clump effective radii r eff have been calculated by taking the geometric mean of the deconvolved FWHM sizes in the two spatial dimensions. The H 13 CO + clumps are on average much smaller than the C 18 O clumps, as can be seen in the left-hand plot of Figure 9 . The effective radii of the H 13 CO + clumps is 3600 ± 900 AU, compared with that of C 18 O which have effective radii of 6200 ± 2000 AU. The M01 SCUBA cores have a deconvolved radii of ∼ 2500AU (Motte et al. 2001) , which implies roughly a one-to-one correspondence with the H 13 CO + clumps, while each C 18 O clump will encompass more than one M01 core. Comparing our clumps with the bound and composite p-cores of SCB09 (which have effective radii of 2400 AU and 3700 AU respectively), we find that the H 13 CO + clumps have r eff comparable to the average p-core radius, and are therefore more likely to correspond to individual cores. The C 18 O clumps on the other hand are much bigger and encompass multiple p-cores; these are expected to correspond to the bound p-cores which have masses that are about half that of the C 18 O clumps on average (see Table 4 .
Linewidths
The average linewidth for each clump calculated by gaussclumpsthe FWHM of the Gaussian fit to the average spectrum for the clump -is generally smaller than the linewidth at the clump central position. In fact, this discrepancy is so much greater for the and 0.27 ± 0.04 km s −1 for H 13 CO + is obtained. These latter values of C 18 O are a better reflection of the actual observed spectra of the molecules (see Figure 5) , where the C 18 O emission line is visibly wider than that of H 13 CO + . This result appears to contradict the well-known result that the linewidth increases with the size of region traced (Larson 1981) . However, this can be explained by the fitting mechanism in gaussclumps: the central peaks are generally well-defined and easy to fit; but at the clump edges, the emission decreases and the fits are made to peaks that have much lower SNR and tend to be much narrower. Therefore the average spectra produced have a significant contribution from very narrow spectra, causing them to be narrower than the peak spectrum. This effect is more noticeable for the C 18 O clumps than for the H 13 CO + clumps, because the latter tend to have a much sharper cutoff as the emission is very concentrated. Therefore, in all subsequent calculations, to standardise the comparisons and to avoid biasing the spectra due to noise contributions, we will use the clump centre linewidths σ 1D and central velocities v c , rather than the average values produced by gaussclumps.
The linewidths are shown in Figure 10 , with the internal 1D velocity dispersion of the p-cores from SCB09 for comparison. We see that the distribution of both sets of clumps peaks at a much higher value than the SCB09 p-cores -SCB09 calculate σ 1D values of 0.16 km s −1 and 0.23 km s −1 for bound and composite pcores respectively. This is to be expected for our C 18 O clumps as they are much larger than the SCB09 cores, and trace more of the turbulent diffuse gas surrounding star-forming cores. The H 13 CO + clumps trace very dense gas, and would be expected to have much smaller linewidths. However, over half of the clumps are associated with centrally condensed protostellar objects; these clumps exhibit higher linewidths than those that are starless and therefore increase the average clump linewidth. The average linewidth of those H 13 CO + clumps not associated with a protostar is 0.17 ± 0.05 km s −1 , which matches the values obtained for the SCB09 cores much better. It should be noted that the thermal width of H 13 CO + at 16 K is 0.07 km s −1 , making the thermal contribution to the linewidth less than 10%.
We analyse the clump linewidths in greater detail, and also discuss our results in relation to theories of star formation, as well as timescales and size scales of turbulence, in Section 5.6.
Virial Masses
The 
where
, r e f f is the effective radius of the clump (as discussed in Section 5.1), and G is the gravitational constant; k 1 is a constant whose exact value depends on the density distribution of the clump as a function of distance from the clump centre. For simplicity we assume that the clumps follow ρ ∝ r −2 density distributions, yielding k 1 = 1. The virial mass of the H 13 CO + clumps varies beween 0.3 -2.0 M ⊙ , while that of the C 18 O clumps has a range of 0.2 -2.7 M ⊙ (see Figure 9 ). In general, the average C 18 O virial mass of 0.86 ± 0.13 M ⊙ is similar to that of the H 13 CO + clumps (0.97 ± 0.21 M ⊙ ).
Gas Masses
The gas mass of the clumps can be calculated from the column density of the gas, assuming Local Thermal Equilibrium (LTE). Following Rohlfs & Wilson (2000) and assuming values for the different molecules as presented in Table 3 : 
The output from cupid -the 'clump sum' -is the sum of the data enclosed within the gaussclumps ellipse (defined by the Gaussian FWHM). The integrated intensity T * A dv is obtained by multiplying this clump sum by the velocity resolution of the cubes (0.1 km s −1 ). In both cases, we take the excitation temperature to be 16.1 ± 4.7 K, the average value calculated for the entire region by Ikeda et al. (2009) , using NH 3 transitions. Using a single temperature to represent all the different cores will introduce a certain inaccuracy to the gas masses calculated, as it will not necessarily reflect the different conditions within each clump. However, it is the least biased method we could choose and allows consistent comparisons for all clumps identified. Additionally, our most optically thick molecule 13 CO is only barely optically thick (with opacity values of τ ∼ 0.9), and will not give accurate excitation temperatures, tending towards underestimation; we have therefore chosen not to use excitation temperatures calculated from 13 CO. We obtain the masses of the clumps by substituting representative values for the two molecules into the following equation:
We take the distance to the cloud D = 415 pc and adopt a mean molecular weight per H 2 molecule of µ H2 = 2.72 to include helium; we also use a pixel size (∆α and ∆β) of 6 ′′ and take the abundances of H 13 CO + and C 18 O relative to hydrogen (X H 13 CO + and X C 18 O ) to be as shown in Table 3 . The values of the gas masses calculated using this method range from 0.5 to 1.4 M ⊙ for H 13 CO + , and from 0.6 to 12 M ⊙ for C 18 O. As expected, the C 18 O clumps contain more gas mass due to their much larger sizes, having an average mass of 3.7 ± 3.0 M ⊙ compared to the average mass of 0.92 ± 0.24 M ⊙ calculated for H 13 CO + .
Bound Ratio
One method of separating and identifying clumps that are prestellar and likely to collapse to form protostars rather than transient structures, is to determine whether they are bound. A fairly straightforward method of doing this is by comparing their virial masses (a measure of their internal energy) with their gas or dust masses (a measure of the potential energy in the clump). Clumps are generally considered to be bound if M vir 2M gas ; however, the lower limit for equipartition, where the clumps are confined but not necessarily self-gravitating, is taken to be M vir = M gas (Bertoldi & McKee 1992 Figure 11 , bottom), which are calculated from the dust masses of the corresponding M01 SCUBA cores. If (as is usually the case for C 18 O) more than one M01 core corresponds to a particular clump, then the core masses are summed. (Those gas clumps without an M01 core match are omitted in this part of the analysis.) It is reassuring to see that the majority of the H 13 CO + clumps now lie to the right of the 'bound' line, and that the only clumps lying to the left of the equipartition line (and therefore unbound) are C 18 O clumps.
The dust masses seem to give a more accurate reflection of the mass within the H 13 CO + clumps probably because they are of similar sizes, while giving an underestimation of the mass in the C 18 O clumps, which are much bigger and encompass more of the envelope material surrounding the dense cores. However, there are sources of error (for example, spatial filtering in dual-beam switch observing mode) that could bias the dust masses towards lower values. In addition, there are intrinsic sources of error and uncertainty present, such as dust emissivity and the dust/gas mass ratio, as well as contamination from molecular gas like 12 CO, that could affect dust mass estimates.
One of the reasons for the C 18 O clumps appearing more bound is an overestimation of the gas mass. C 18 O has a lower critical density than H 13 CO + and therefore will exhibit a contribution from the less dense surrounding envelopes of pre-and protostellar cores. This would account for the much larger sizes and higher gas masses of C 18 O over H 13 CO + -the H 13 CO + clumps represent the denser core regions while the C 18 O clumps represent both core envelopes and centres. In addition, the H 13 CO + may have been sub-thermally excited which would result in an underestimation of the column density and hence the mass present in the clump -this theory is supported by the fact that a large proportion of the H 13 CO + clumps have higher dust masses than gas masses.
There are also many sources of error present in the calculation of gas masses, the most significant of which is the value of the abundance ratios of H 13 CO + and C 18 O, which can cause the calculated gas masses to vary by a factor of 3.
Finally, the comparison of virial and gas/dust masses merely tells us if the material in the clump is bound with respect to itself, but does not tell us if the clump is bound with respect to the surrounding gas environment. There are other (less easy-to-quantify) methods of confinement for clumps (e.g. magnetic fields, external pressure) that could mean that a clump is in fact a bound (and hence non-transient) structure. In fact, converting a linewidth straight to a virial mass without accounting for surface pressure will overestimate the enclosed mass of the core and hence make it appear less bound than it actually is (for example, see Dib et al. (2007) ).
Overall region boundness
Although the comparison of virial mass with gas mass may not be the most suitable method for determining if small sub-structures within molecular cloud regions are bound, it should still give a good idea of the condition of the region as a whole. The 13 CO emission lines are resolved across the whole region, and will therefore give a good estimate of the virial mass of the region; the C 18 O emission (2) also covers the majority of the region, is optically thin throughout (unlike the 13 CO), and should give a good estimate of the amount of gas contained within the region. We can thus calculate the virial and gas mass of the NGC 2068 region, and determine whether it is bound as a whole, using a similar method to that described previously. Assuming that the region is spherically symmetric, we therefore calculate the virial mass from:
The value of r cond -the radius of the NGC 2068 region -is taken to be 4 ′ (which translates to ∼0.5 pc at a distance of 415 pc); and σ tot = 0.61 km s −1 , as obtained from the dispersion of 13 CO line centre velocities over the region. Substituting these values, M vir is approximately 130 M ⊙ .
Using Equations 3 and 4, we calculate M gas of approximately 230 M ⊙ from the C 18 O emission, which is almost twice the calculated virial mass. This indicates that the cloud is most likely in the process of global collapse, unless additional support (e.g. magnetic fields) were present. In order to provide this support, the magnetic field strength would have to be ∼ 59µG (following virial equilibrium calculations by Bertoldi & McKee (1992) ), which is similar to the value of ∼ 36µG they have measured in Orion B. We should not however place too much weight on this value due to the complex dynamics and irregular shape of the NGC 2068 cloud.
Velocity dispersions
The kinematics of fragmenting cores can be used to investigate the initial conditions of star formation. An examination of the internal velocity dispersions of these cores tells us the magnitude of turbulence present within the cores on small scales (Kirk, Johnstone, & Tafalla 2007) . The relative movement between cores, as well as between the cores and their surrounding gas, could shed light on the timescale of turbulent decay present in the region -whether the turbulence decays on dynamical timescales, or is driven and lasts for longer timescales. found that comparing the core-to-core velocity dispersions of protostellar and starless cores allowed them to differentiate between their driven and decaying turbulence simulations.
Clump internal velocity dispersions
The σ 1D values, shown in Figure 10 , are equivalent to the clump internal velocity dispersions and shed light on the turbulent nature of the clump interiors.
We compare the σ 1D values for starless and protostellar clumps in Table 5 , to determine if there is a statistically significant difference between the two types of objects. We define a particular M01 core as being protostellar if it has an IRAC Class I match in NWT, or if M01 have designated them as protostellar. Our clumps are then deemed to be protostellar if a protostellar M01 core lies within the extent of the ellipse defined by the gaussclumps algorithm. We also narrow our range of starless clumps down to only include those that are associated with an M01 core, all others are deemed to be 'noise' or transient clumps. Using these definitions, we find 4 protostellar and 3 starless H 13 CO + clumps; and 5 protostellar and 10 starless C 18 O clumps. We find that in the case of H 13 CO + , the σ 1D values are much lower for starless clumps than for protostellar clumps; the C 18 O σ 1D values also show the same trend, but to a lesser extent.
We performed a Kolmogorov-Smirnoff (KS) test, to determine if the two protostellar and starless datasets were drawn from the same underlying distribution. The KS statistic (or p-value) gives a value that is 1 minus the confidence level with which the null hypothesis (that the two samples originate from the same distribution) may be rejected. Generally, if the p-value is < 1%, we can say confidently that the two samples originate from different underlying distributions. KS tests give p-values of 15% and 26% for H 13 CO + and C 18 O respectively, when comparing protostellar and starless clump distributions. Therefore at the 85% confidence level, the H 13 CO + protostellar and starless clumps originate from different underlying distributions, justifying our clump classification system. There is a greater difference between the two distributions in the case of H 13 CO + as it traces the denser gas in the cores, which should be more quiescent and also contain less centrally condensed gas for starless cores than protostellar cores; the C 18 O on the other hand contains more of a contribution from the core envelopes (as mentioned previously) making the distributions less distinct.
The σ 1D values are also compared to the sound speed c s in the region, to determine how turbulent the clump interiors are. We define three turbulent regimes: subsonic (σ 1D < c s ), transonic (c s < σ 1D < 2c s ) and supersonic (2c s < σ 1D ). The value of c s is calculated using the following formula:
T ex = 16.1 K is the value adopted earlier in Section 5.4 , and m = 2.33m p , assuming a ratio of 1 Helium for every 5 H 2 molecules, giving a value of c s = 0.24 km s −1 . We also calculate the bulk gas velocity dispersion σ g = 0.61 ± 0.29 km s −1 (from the 13 CO gas over the region), to compare the clumps' internal turbulence with their surrounding natal gas environment.
We find that the σ 1D values for all clumps are transonic, except for the starless H 13 CO + clumps which are subsonic. This is consistent with the starless clumps corresponding to local minima of turbulence, as they are much less turbulent internally than the surrounding gas. In addition, we see that the σ 1D values for all clumps (2) are much smaller than the bulk gas velocity dispersion. These results are consistent with the predictions of gravoturbulent fragmentation -i.e. that the protostellar cores are found at the intersection points of turbulent shocks and are therefore much less turbulent internally than their surrounding natal gas. However, we do note that most star formation scenarios agree that the non-thermal support should decrease in star-forming cores, so this is not conclusive observational evidence of gravoturbulent fragmentation.
Relative core-gas motions
The interclump velocity dispersion σ ν that we calculate is the dispersion (or standard deviation) of the line centre velocities v c at the clump centres, for all the clumps in the region. Initially, without distinguishing between protostellar and starless clumps, we find that the interclump dispersions decrease as the density of gas traced by the molecule increases (see Figure 12 ): 0.39 ± 0.05 km s −1 and 0.28 ± 0.08 km s −1 for C 18 O and H 13 CO + respectively. A KS test comparing σ ν for the two molecules indicates with 85% confidence that they are tracing gas from different underlying distributions. André et al. (2007) calculated a core-to-core dispersion of ∼ 0.25 km s −1 for protostellar cores in the L1688 region of Ophiuchus using N 2 H + , which traces similar densities of gas and is very close to the value we calculate for H 13 CO + clumps, but only about twothirds of that for the C 18 O clumps. This discrepancy could be explained however by the difference in global properties of the overall molecular cloud. Orion is a much more turbulent, clustered starforming environment than Ophiuchus and the differences between bulk gas motion and individual star-forming cores might be more pronounced. The C 18 O clumps cover much larger areas and would be more likely to be influenced by the bulk gas movements, whereas the H 13 CO + clumps are tracing denser regions and are more likely to reflect the dispersions between star-forming cores.
Using the same selection criteria as before, we compare the interclump dispersions between protostellar and starless clumps. The interclump dispersions were also compared with the region sound speed and the region bulk-gas velocity, in the same manner as in the previous section. The results are presented in Table 6 .
All clumps show transonic behaviour (except the starless H 13 CO + clumps which are subsonic), indicating that there is little discernable movement between clumps. Comparing the interclump dispersions with the bulk-gas velocity dispersion, we find that the motion of the clumps compared to their surrounding gas is fairly low, with σ ν /σ g values of 0.46 and 0.80 for H 13 CO + and C 18 O respectively. This means that the clumps are in some way still coupled to the surrounding gas from which they formed, and indicates that the clumps should be able to move together with their surrounding gas under the same gravitational forces, one of the key requirements for competitive accretion to occur (Bonnell & Bate 2006) . The relative clump-gas velocity for H 13 CO + is lower than that for C 18 O, which is most likely due to the C 18 O tracing more of the surrounding envelope that is expected to be more turbulent, and hence will retain a greater degree of the movement of the natal gas. compared core-to-core velocity dispersions for observational data taken in the Perseus (Kirk, Johnstone, & Tafalla 2007) and ρ Ophiuchus regions (André et al. 2007) , with those produced in simulations of driven and decaying turbulence. They found that the driven run was in better agreement with Perseus while the decaying run gave a better match for Ophiuchus. They did however note that the two simulations were statistically very similar, and that in general the distribution of core central velocities did not appear to depend on the details of the turbulence. When they differentiated between prestellar and protostellar cores in their simulations, they were able to distinguish between the two turbulent scenarios. They found that in driven turbulence simulations, the prestellar core-to-core velocity dispersions were larger than those for protostellar cores; conversely for decaying turbulence simulations, the protostellar core-to-core velocity dispersions are larger than those for the prestellar cores. In both cases, the difference is about a factor of 1.3.
Comparing interclump dispersions for our protostellar and starless clumps (from the same molecule), we find that H 13 CO + protostellar clumps have a higher σ ν than the starless clumps, indicative of decaying turbulence; the opposite is true for C 18 O, where σ ν is higher for starless clumps than protostellar clumps. From KS tests, we cannot rule out the possibility that the protostellar and starless clumps originate from the same underlying distribution (p-values of 26% and 54% for H 13 CO + and C 18 O respectively). The C 18 O gas may also be more affected by other factors such as multiple velocity components along the line-of-sight or outflows, which could all potentially confuse the line centre velocity. We therefore believe that the H 13 CO + will give a better picture of the star-forming cores themselves, given that they are tracing the denser gas. In comparison, core-to-core velocity dispersions of N 2 H + observations in Perseus (Kirk, Johnstone, & Tafalla 2007) , provide support for driven turbulence -they calculated a higher σ ν for their prestellar cores than for their protostellar cores. As their emission traces similar densities to the H 13 CO + in this analysis, the type of turbulence present in Perseus is therefore different from that present in NGC 2068. However, as we only have a small sample of H 13 CO + clumps, we cannot say for certain whether decaying turbulence is dominant in our region; a larger statistical sample (preferably over different regions, to confirm environmental effects) would be required to confirm the results.
Comparison with Decaying Turbulence Numerical Simulation
The main numerical simulation that we are comparing our data with, is that of SCB09. The simulation consists of a 3-dimensional cylinder (3 × 3 × 10 pc) containing 10 4 M ⊙ concentrated at one end, so the top is over-bound and the bottom is under-bound. The Table 6 . Interclump velocity dispersions of the Protostellar (P) and Starless (S) C 18 O and H 13 CO + clumps; as well as for the two molecules without differentiating clump type. The errors on the last digit(s) are given in brackets after each value, and are calculated using the formula from André et al. (2007 63(19) turbulence in this simulation is not driven but allowed to decay once self-gravity is applied; however it is replenished by the release of kinetic energy as the molecular cloud collapses. Further details of the simulation can be found in the SCB09 paper. A catalogue of pcores (found via a gravitational potential clumpfinding algorithm, as mentioned in Section 4.3) is produced at snapshot intervals of 0.1 t dyn (4.7 × 10 4 years). For each p-core, the catalogue contains information about the centre-of-mass (CoM) velocities and positions, and their masses, as well as their potential, kinetic and thermal energies. In their simulation, SCB09 have defined a subset of 'bound' p-cores, for which E rat > 1, where E rat is defined as:
and E therm is the thermal energy of the clump, E K is the kinetic energy calculated with respect to the CoM velocity of the clump and E p is the potential energy of the clump calculated from the depth of the background-subtracted potential well. These p-cores are therefore bound with respect to the environment in which they were formed, and not merely in isolation (as is the case for the clumps we identified using traditional clumpfinding methods). Bound pcores are assumed to be pre-stellar in this simulation, as they go on to form sinks that accumulate mass and serve as the observable manifestation of star formation. As such, we would like to make velocity dispersion comparisons of our H 13 CO + and C 18 O clumps with these pre-stellar cores.
We use p-core catalogues from 4 snapshots in time: 1.025, 1.050, 1.125 and 1.180 t dyn , corresponding to a span of time between 4.7 × 10 5 and 5.6 × 10 5 years. We combined the 4 catalogues into a single data-set, to eliminate any time-dependent effects and to increase the sample size. A KS test performed on the 4 snapshots gave p-values > 20 %, implying that they originate from different underlying distributions, and we are justified in assuming the samples to be independent when combining them. We also refine our sample by only choosing bound p-cores, using the same criterion as SCB09, that E rat > 1. Our final dataset consists of 533 bound prestellar p-cores, which is large enough to be statistically meaningful.
Initially, we calculate the intercore velocity dispersion σ ν of all the p-cores in the simulation, in the same way as we did before. We find that σ ν = 0.602 ± 0.017 km s −1 , which is much larger than the individual interclump dispersions of the H 13 CO + and C 18 O clumps.
To better match the size of NGC 2068, we then extract 2 parsec-sized regions, which are taken from different parts of the simulation, and so have differently-bound initial environments. Region A correponds to the initially less-bound environment, while Region B corresponds to the initially more-bound environment. Figure 12 shows a comparison between the observed and simulated intercore velocity dispersions. We calculate σ ν for the p-cores within each region, and obtain values of 0.41 ± 0.05 km s calculated for the smaller regions are very close to the interclump dispersions for the C 18 O clumps (see Table 6 ), which makes sense as the size scales over which we are calculating the dispersions are similar. The H 13 CO + clumps are concentrated in a smaller area than the C 18 O clumps, and this is reflected in their interclump dispersions, which are 70% of the p-core σ ν values. We therefore suggest that when calculating and comparing interclump dispersions, the size of the region considered is an important factor, as the σ ν appears to vary with region size. This is similar to the Larson relation (Larson 1981) of σ(km s −1 )= 1.10L(pc) 0.38 , which reflects the underlying turbulence scaling between σ ν and region size.
We find that the simulation -which models a decaying turbulence environment -is able to reproduce quite closely the effects and properties that are seen observationally, when comparing similar size-scales. However, there is still insufficient evidence to say conclusively that the region we observe is dominated by dynamically decaying turbulence.
CONCLUSIONS
We have presented 13 CO, C 18 O and H 13 CO + data for the NGC 2068 region in Orion B, the combination of which allows us to probe different densities and size-scales, and determine the structural and kinematic properties of the region.
The 13 CO is widespread and detected over the entire region, while C 18 O has a more filamentary structure and follows the SCUBA dust emission much more closely; the H 13 CO + is confined to small clumps, the majority of which are found in the region centre. The 13 CO and C 18 O show evidence of multiple velocity components along the line-of-sight, especially in the west of the region; the H 13 CO + remains single peaked throughout, with a line centre velocity of 10.86 ± 0.10 km s −1 , reflecting the systemic velocity of the region. The 13 CO also shows evidence of several bipolar outflows in the region, and we have matched these to SCUBA cores, as far as possible given the density of sources in the central region.
We have used the gaussclumps algorithm to decompose the C 18 O and H 13 CO + data into Gaussian clumps, and calculated various clump properties, including size/shape, linewidths, and virial and gas masses. The C 18 O clumps have higher linewidths than the H 13 CO + clumps on average, and are significantly larger than the H 13 CO + clumps. We therefore conclude that the H 13 CO + traces the denser inner parts of the star-forming cores, while the C 18 O likely traces more of the less dense, outer envelopes of the cores. Using the ratio of virial to gas mass, we have found that the C 18 O clumps mostly appear more bound than the H 13 CO + clumps. However this may not be the best method of calculating how bound a particular clump is -the C 18 O clumps appear more bound as there is a greater contribution from the surrounding envelope; using the dust mass instead of the gas mass gives an alternative view of the mass contained within the H 13 CO + clumps, making them appear much more bound.
We have classified our molecular clumps as protostellar or starless based on a match with a known YSO or SCUBA core respectively. We have also used the internal and interclump velocity dispersions for the two molecules to investigate star formation mechanisms. The internal velocity dispersions of the starless H 13 CO + clumps (probably the most likely objects to represent prestellar cores) are subsonic, suggesting that the cores were formed at local turbulence minima, consistent with gravoturbulent fragmentation. The low values of the interclump velocity dispersions compared to the bulk gas dispersion (as traced by the 13 CO) also indicate a certain degree of coupling between the possible starforming cores and their natal gas environment, fulfilling one of the key requirements for competitive accretion to occur. The interclump velocity dispersions match numerical simulations of decaying turbulence, when similar sized regions are compared; the H 13 CO + protostellar and starless interclump velocity dispersions also match predictions for decaying turbulence well. However, due to the small size of our sample, we cannot say for certain that decaying turbulence is dominant in the region. A larger statistical sample (over regions with different gas environments) would be required to conclusively determine the type and decay timescale of the turbulence present in this region, and how the nature of the turbulence varies between regions.
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APPENDIX A: CLUMP CATALOGUES
A catalogue of the clumps found by gaussclumps for the H 13 CO + and C 18 O data is provided in this appendix, in Tables A1 and A2  respectively. Table A1 . Catalogue of gaussclumps clumps found for H 13 CO + emission in NGC 2068. Column 2: Deconvolved FWHM size of each clump in the 2 spatial dimensions; Column 3: Peak intensity in each clump; Column 4: Internal velocity dispersion σ 1D at the peak of each clump; Column 5: Line centre velocity at the peak of each clump; Column 6: Ratio of the FWHM sizes of each clump; Column 7: Effective radius of the clump; Column 8: Virial mass of the clump; Column 9: The sum of values extracted from within the ellipse defined by the clump FWHM; Column 10: Mass of clump calculated using the values in column 9 assuming LTE; Column 11: Ratio of the gas mass to the virial mass; Column 12: Mass of the M01 SCUBA cores associated with each clump. Table A2 . Catalogue of gaussclumps clumps found for C 18 O emission in NGC 2068. Column 2: Deconvolved FWHM size of each clump in the 2 spatial dimensions; Column 3: Peak intensity in each clump; Column 4: Internal velocity dispersion σ 1D at the peak of each clump; Column 5: Line centre velocity at the peak of each clump; Column 6: Ratio of the FWHM sizes of each clump; Column 7: Effective radius of the clump; Column 8: Virial mass of the clump; Column 9: The sum of values extracted from within the ellipse defined by the clump FWHM; Column 10: Mass of clump calculated using the values in column 9 assuming LTE; Column 11: Ratio of the gas mass to the virial mass; Column 12: Mass of the M01 SCUBA cores associated with each clump.
